The use of resinless sections extends embedment-free electron microscopy to the cytoskeleton of thick specimens. Here we examine HeLa cells rounded at mitosis. Extraction of mitotic HeLa cells with Triton X-100 removes lipids and soluble proteins, leaving the cytoskeletal framework and spindle apparatus. After fixation, the samples are embedded and sectioned, and the temporary embedding resin is removed for direct visualization in the electron microscope. The micrographs show that the cytoskeletal framework, chromosomes, spindle, and centrioles form an interconnected entity. The pericentriolar region, indistinct in conventional micrographs, appears composed of distinct fibers interconnecting the spindle microtubules and centriole. The resinless sections also reveal characteristic lacunae at late anaphase/ early telophase. These probably result from reformation of the interphase cytoskeleton lagging reassembly of the nucleus.
early telophase. These probably result from reformation of the interphase cytoskeleton lagging reassembly of the nucleus.
Current methods of microscopy fail to answer many questions concerning the structure of the mitotic cell (1-3). Little is known of how mitotic cell components are moved and positioned (4) (5) (6) (7) (8) (9) (10) (11) . No structures have been identified that direct the condensation of chromatin at prophase, the alignment of chromosomes at the metaphase plate (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) , or the migration of centrioles. The pericentriolar. region appears only as an amorphous cloud (22) (23) (24) (25) (26) (27) . Pericentriolar structures are probably important in determining the form and function of the spindle apparatus (28) (29) (30) (31) (32) (33) ; discerning such domains is possible using embedment-free techniques. This report describes the embedment-free electron microscopy of the cytoskeleton of mitotic cells. The resinless sections reveal an architecture largely masked in conventional electron micrographs.
Previously, embedment-free electron micrographs of the detergent-prepared cytoskeletal framework were largely of whole mounts and required relatively thin specimens. Cells rounded at mitosis are too thick for use as whole mounts. Resinless sections (34, 35) overcome this limitation and image a well-defined cut through the cell surface.
MATERIALS AND METHODS
Cell Culture. HeLa (ATCC CCL 2) cells were grown in monolayer culture in Dulbecco's modified Eagle's medium supplemented with 7% horse serum.
Cell Synchronization. Cells were synchronized by means of a double thymidine block essentially as described by Tobey et al. (36) . The collection function of Puck and Pease (37, 40) showed 25% of the cells had entered mitosis by 16.5 hr after the second release. The cells were collected by shaking (mitotic index > 90%). No inhibitors were employed.
Cell Preparation. Taxol (1 gg/ml) was added to suspended mitotic cells just prior to centrifugation at 300 rpm in an IEC centrifuge for 5 min. The cells were extracted at room temperature for 3 min in cytoskeletal (CSK) buffer [100 mM KCl/10 mM Pipes, pH 6.8/3 mM MgCl2/300 mM sucrose/0.5% (vol/vol) Triton X-100/1 mM EGTA/1 mM phenylmethylsulfonyl fluoride] containing taxol (5 .tg/ml).
Cytoskeletons were centrifuged gently at 300 rpm for 5 min, and the pellet was fixed with 2% glutaraldehyde in CSK buffer at 40C for 30 min and rinsed three times with 0.1 M sodium cacodylate buffer (pH 7.2). Postfixation was with 1% OS04 in 0.1 M sodium cacodylate buffer (pH 7.2) for 5 min at 4°C. The pellet was rinsed with 0.1 M sodium cacodylate buffer and then transferred through graded dilutions to 100% ethanol.
Embedding and Electron Microscopy. Cells were prepared for electron microscopy by three methods and the results were compared.
(i) Epon/Araldite embedding. (See ref. 79 .) Samples in ethanol were transferred through a graded series ofpropylene oxide/resin mixtures (3:1, 1:1, 1:3) to Epon/Araldite and polymerized at 60°C for 48 hr. Thin sections were cut, poststained with a 10% uranyl acetate followed by Reynolds lead citrate (38) , and examined in a JEOL 100B electron microscope at 80 kV.
(ii) Diethylene glycol distearate (DGD) embedding. Cells in ethanol were transferred through a 1:1 mixture of 1-butanol/ethanol to 1-butanol. The sample was warmed to 60°C, transferred through a 1:1 mixture of 1-butanol/DGD at 60°C to pure DGD at 60°C for 1 hr each. The DGD block was sectioned at room temperature, using a glass knife at an angle of 4°. The DGD sections were placed on parlodion-coated, carbon-stabilized grids coated with 0.1% poly(L-lysine). DGD was removed by three changes of toluene and the grids were returned to 100% ethanol through a 1:1 mixture of toluene and ethanol. The sections were dried through the CO2 critical point and examined in the electron microscope.
(iii) DGD embedding followed by Epon/Araldite. A small sample containing cells was cut from the DGD block and placed in a vial containing toluene, with three changes over 24 hr to remove the DGD. The sample was then embedded in Epon/Araldite and processed as in (i).
RESULTS
Resinless Sections. The resinless section technique for electron microscopy was pioneered by Wolosewick (35) , who used polyethylene glycol (PEG) as the removable embedding medium. We found PEG difficult to manipulate. Moreover, the water solubility of PEG precludes floating the cut sections on a water-filled knife trough. DGD serves as a temporary embedding medium that can be cut into ultrathin sections Abbreviation: DGD, diethylene glycol distearate.
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(<0.1 Ain) and shows no tendency to shatter. DGD is not water soluble, and sections float on a water-filled knife trough. The sections produce interference colors related directly to their thickness. Sections of the skeletal framework are self-supporting after removal ofDGD (34) . Embedment in DGD has no detectable effect on the ultrastructure seen in Epon sections (E. Puvion, personal communication). We have obtained the same result.
HeLa cells (ATCC CCL 2), cultured in monolayer, were first synchronized by a double thymidine block (36) . Harvesting mpitotic cells by shaking yielded >90%o mitotic cells.
All stages of mitosis were present. Microtubules were stabilized by adding a small amount of taxol to the medium just prior to harvesting and during detergent extraction. The extracted cells were centrifuged gently into a pellet, fixed, dehydrated, and embedded (see Materials and Methods).
Three preparations were made from a single cell pellet and compared. The first was embedded in Epon/Araldite, sectioned, and stained. The second was embedded first in DGD, which was then removed, and the sample was re-embedded in Epon and sectioned. Prior embedment in DGD has no detectable effect on the morphology seen in Epon-embedded sections (compare the pre-embedded sample in Fig. ic with Fig. 1 a and e) . Finally, a sample was embedded in DGD, sectioned, and processed for embedment-free electron microscopy (Materials and Methods). No stains were used, since protein fibers alone form high-contrast images when no embedding medium is present (39, 40) . Proc. Natl. Acad. Sci. USA 83 (1986) There is one artifact peculiar to resinless sections. Structural elements not attached within the section can be lost when the resin is removed. This might be serious in very thin sections of sparsely connected fiber networks where a significant number of fibers merely pass through the section. The resinless sections shown here are relatively thick and the densely connected networks probably lose few of their constituents.
Metaphase. Fig. 1 compares conventional Epon and resinless section electron micrographs of detergent-extracted metaphase cells. In Epon sections (Fig. 1 a, c, and e) , the mitotic spindle fibers appear as short, interrupted segments, because only fibers at the surface of the plastic section are stained and imaged. The sample in Fig. ic was pre-embedded in DGD but is indistinguishable from samples processed normally. The resinless sections (Fig. 1 b, d , and e) image the entire spindle within the section, and the fibers appear long and intact. Also visible is the complex network of cytoskeletal filaments largely masked in the Epon sections. The cytoskeleton filaments and spindle microtubules interconnect extensively.
Higher magnification views of metaphase chromosomes in Epon sections ( Fig. 1 c and e) reveal little additional structure. Kinetochores are visible (arrowhead) with their characteristic trilaminar structure (10, (41) (42) (43) . In contrast, higher magnification of the resinless sections ( Fig. 1 d and f) shows a wealth of additional structural detail. Small (Fig. 2 a  and c) show the region immediately adjacent to the centriole as amorphous or composed of dots (Fig. 2a) . Only short, randomly oriented segments or cross-sections of microtubules are visible (Fig. 2c, arrowheads) .
The resinless sections in Fig. 2 b and d show the pericentriolar region in greater detail. Bundles of microtubules radiate astrally from the pericentriolar region (Fig. 2b) and, in contrast to their embedded image, appear continuous. Some microtubules can be seen in their entirety connecting the pericentriolar cloud to condensed chromosomes (l4rge arrowheads) and all are enmeshed in smaller filaments. A thinner section at higher magnification (Fig. 2d) shows the pericentriolar region as composed of fibers interconnecting the microtubules (small arrowheads). The section shows the perpendicular cylinders of the centriole with great clarity (asterisk).
Prophase. Prometaphase is shown in Fig. 3 . The nuclear lamina is completely disassembled. Bundles of microtubules (arrowheads) radiate from most chromosomes. The plane of section is almost perpendicular to the axis of the spindle as judged by the orientation of attached microtubules. In the left-hand portion of the figure, bundles of 15-nm filaments surround the chromosomal region (arrows). These are probably intermediate filaments, which form a cage around the mitotic spindle during mitosis (5, 9, 44, 45) . The condensed chromosomes are enmeshed in a dense network of cytoskeletal filaments at their periphery.
Anaphase/Telophase. along their length are more apparent in stereo (arrowheads). Large empty regions in the cytoskeleton, always present at this stage, appear adjacent to the chromosomes (asterisks in Fig. 4 ). These lacunae do not have the characteristic jagged borders of beam-damage artifacts and may reflect reformation of the cytoskeleton lagging that of the nucleus.
DISCUSSION
An extensive literature describes mitotic cell architecture as visualized by light and electron microscopy (46) . Light microscopy is suited for the larger and dynamic features of mitosis (47) (48) (49) (50) . Electron microscopy should yield a more detailed view of the mitotic apparatus, but much of the three-dimensional organization has remained elusive.
Conventional electron microscopy, using embedded sections, fails to image most protein fibers. An electron beam forms an image by virtue of differential scattering between an object and its surroundings, and there is almost none between proteins and the embedding plastic. Heavy metal stains, used to obtain electron contrast (39, 40) , do not appreciably penetrate the dense embedding plastic (41, 42) . Staining is largely at the section surface, and most of the fibrous cytoskeleton remains masked. The resinless sections shown here demonstrate that there is far more structure within the conventional embedded 0.1-gkm section than appears with the conventional heavy metal surface stain.
Biological fibers, such as those of the cytoskeletal framework, form high-contrast images when in vacuum, free of surrounding resin (39, 40) . Stains are not necessary. Also, the extracted skeleton structures are very stable and do not deform in the electron beam (34) . The images are sharp, since the soluble proteins are removed and the "microtrabeculea" are not seen (51, 52) . There is general agreement that embedment-free microscopy faithfully renders the structural filament networks of detergent-extracted cells (53) (54) (55) (56) (57) (58) (59) (60) (61) (62) (63) (64) (65) (66) .
A form of embedment-free electron microscopy has been used to examine mammalian metaphase chromosomes (67) (68) (69) . McIntosh et al. (70) examined whole mounts of isolated mitotic spindles. The sections employed here afford more detailed images of smaller portions of the mitotic apparatus and leave the spindle-cytoskeleton interactions largely intact.
A role for non-microtubule filaments in mitosis has been suggested previously. Pickett-Heaps and coworkers (71) (72) (73) (74) found evidence of a "spindle matrix" in diatoms and proposed that this matrix provides the motive force for chromosome movement at anaphase A, while the kinetochoreto-pole microtubules play a passive role in determining the path and direction of movement (reviewed in ref.
2). The network of filaments interconnecting the spindle microtubules, revealed by the resinless sections, may correspond to such a "spindle matrix."
The knobs seen here along the microtubules may correspond to the projections seen on microtubules assembled in vitro, which are related to microtubule-associated proteins (MAPs) (75, 76 (1986) 1A in mitotic spindles of many species, and isolated mitotic spindles from HeLa cells retain MAPs (78) .
Resinless sections (Fig. 2) reveal the fine structure of the pericentriolar region seen previously only as an amorphous substance. Various reports (28) (29) (30) (31) (32) (33) suggest an important role for the pericentriolar region in mitosis. Study of its function will be aided by detailed visualization of its structure.
An example of cytoskeleton organization, masked in conventional electron microscopy, are the lacunae adjacent to the chromosomal region during anaphase, just prior to the reformation of the nucleus (Fig. 4) . These cannot be seen in whole mounts (47) or in Epon sections. The lacunae are probably real because (i) they appear in every view of this stage of mitosis and (ii) their borders are well organized and unlike the jagged holes produced by beam damage. The cytoskeleton begins its return to interphase organization at late anaphase/early telophase, and the lacunae may result from its lagging nuclear reformation.
